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EXECUTIVE SUMMARY
Performance assessments (PAs) are risk calculations used to estimate the amount of lowlevel radioactive waste that can be disposed at DOE sites. Distribution coefficients (K d values) are input parameters used in PA calculations to provide a measure of radionuclide sorption to sediment; the greater the K d value, the greater the sorption and the slower the estimated movement of the radionuclide through sediment. Understanding and quantifying K d value variability is important for estimating the uncertainty of PA calculations. Without this information, it is necessary to make overly conservative estimates about the possible limits of K d values, which in turn may increase disposal costs. Finally, technetium is commonly found to be amongst the radionuclides posing potential risk at waste disposal locations because it is believed to be highly mobile in its anionic form (pertechnetate, TcO 4 -), it exists in relatively high concentrations in SRS waste, and it has a long half-life (213,000 years). The objectives of this laboratory study were to determine under SRS environmental conditions: 1) whether and to what extent TcO 4 -sorbs to sediments, 2) the range of Tc K d values, 3) the distribution (normal or log-normal) of Tc K d values, and 4) how strongly Tc sorbs to SRS sediments through desorption experiments. Objective 3, to identify the Tc K d distribution is important because it provides a statistical description that influences stochastic modeling of estimated risk.
The approach taken was to collect 26 sediments from a non-radioactive containing sediment core collected from E-Area, measure Tc K d values and then perform statistical analysis to describe the measured Tc K d values. The mean K d value was 3.4 ± 0.5 mL/g and ranged from -2.9 to 11.2 mL/g. The data did not have a Normal distribution (as defined by the Shapiro-Wilk's Statistic) and had a 95-percentile range of 2.4 to 4.4 mL/g. The E-Area subsurface is subdivided into three hydrostratigraphic layers: Upper Vadose Zone (11 to 30 ft depth), Lower Vadose Zone (30 to 51 ft depth), and aquifer (51 to 95 ft depth). The Upper Vadose Zone generally contains more clay than the Lower Vadose Zone, and the Aquifer tends to be made up of mostly sand layers with clay strata. The mean K d values of each of these zones did not differ significantly and the K d values from each zone were not from the Normal distribution. The ranges of values were greatest in the Upper Vadose Zone and least in the Lower Vadose Zone.
Previous Best Estimate Tc K d values for Sandy Sediment and Clayey Sediment were 0.1 and 0.2 mL/g, respectively (Kaplan 2007a) . A more thorough review indicates that the Best Estimates for Sandy Sediment is 0.1 mL/g and for Clayey Sediment is 0.8 mL/g (Kaplan 2007b ). This current dataset greatly increases the number of Tc K d values measured with SRS sediments, but perhaps more importantly, provides a better estimate for E-Area sediments, and provides a measure of Tc K d distributions. Based on this dataset, the best overall Tc K d value for E-Area is the mean, 3.4 mL/g, with a log-normal distribution between the 95 percentile values of 2.4 to 4.4 mL/g. This document version differs from the earlier version, SRNS-STI-2008-00286, in that it includes some editorial corrections. This version does not contain any technical changes or changes to the conclusions presented in the earlier version.
INTRODUCTION
There have been four previous TcO 4 -sorption studies conducted with SRS sediments (Routson et al. 1977 , Oblath 1983 , Kaplan 2003 , Kaplan and Serkiz 2006 . Additionally, Kaplan (2007) conducted a critical review of these data. Of these four studies, the Routson et al. (1977) study does not provide much insight into the geochemistry of Tc at the SRS because varying levels of dissolved carbonate were added to the aqueous phase. Essentially no aqueous carbonate exists in the E-Area groundwater. Pertinent information regarding the three other experiments, including their measured K d values, are presented in Table 1 . Oblath (1983) reported K d values that ranged from 0.10 to 1.32 mL/g (#1 -#10 in Table 1 ) or sediment organic carbon content (but none of the sediments tested had especially high organic carbon concentrations). He also observed that K d values measured by column studies tended to be lower than those measured by batch studies. This difference between column and batch studies is commonly attributed to the columns being flushed with the Tc-spiked solution at a rate that does not permit the Tc to come to equilibrium with the sediment. It is difficult to experimentally obtain sufficiently slow flow rates that simulate groundwater conditions, especially in clayey sediments. When contact time is too fast, the column experiment will underestimate the true K d value. Equally important, batch sorption techniques permit complete mixing of the sediment, water, and Tc system, thereby promoting greater sorption than column studies. Kaplan and Serkiz (2006) Oblath (1983) , they observed that the clayey sediment (#11 -#13 in Table 1) sorbed more ReO 4 -than the sandy sediment (#14 -#16 in Table 1 ). Typical anion sorption behavior (i.e., sorption should increase as pH decreases) was not seen but concentration of dissolved organic C did influence the Tc K d values (Kaplan and Serkiz 2006) . Kaplan (2003) measured Tc K d of two sediments as a function of pH (#17 -#20 in Table 1 ). Both sediments had low clay contents 5 -6 wt-% and sorbed only trace amounts of Tc at pH levels below natural levels (i.e., pH 5.3 for these particular sediments), and these sediments sorb no Tc at pH levels above their natural pH levels.
In a literature review of 143 Tc K d values, of which few involved SRS sediments, Sheppard and Thibault (1990) (Looney et al. 1990 ). In a site-wide survey, SRS sediments range from 0.1 to 8 wt-% Fe, with a median of 0.8 wt-% Fe. Sandy textured sediments also tend to have some sorption, albeit very little, and in some environments they have no Tc sorption, especially at pH levels above background. Tc K d values also tend to decrease in environments where the ionic strength is high, such as near a waste form.
Based on these site-specific Tc K d values, Kaplan (2007a) recommended using 0.1 mL/g in sandy sediment, and 0.2 mL/g in clayey sediment. In a more detailed review, Kaplan and Millings (2006) recommended similar K d values of 0.2 mL/g in sandy sediment and 1.3 mL/g in clayey sediment (summarized in Table 2 ). In a third review, Kaplan (2007) (ID# 11, 13, 14, 16, 17, 19, and 20) . A sandy sediment was defined as containing ≥70% sand and a clayey sediment was defined as containing ≥35% clay. These definitions were selected to be consistent with the largest compendium of K d values, Sheppard and Thibault (1990) .
3.0
MATERIALS AND METHODS
A detailed description of the materials and methods are presented in Appendix A. The following sections contain a brief description, sufficient to permit understanding the results. Field sediment sampling, K d measurements, 99 Tc measurements, and statistics were conducted by SRNL researchers (D. Kaplan, K. Roberts, and G. Shine). Sediment characterization was conducted by a Savannah River Ecology Laboratory researcher (J. Seaman) or Clemson University researchers (K. Grogan, R. Fjelds) and has been reported previously in a WSRC report (Grogan et al. 2008 ).
K d VALUE MEASUREMENTS AND SEDIMENT CHARACTERIZATION
Sediment samples were collected from a single borehole (BGO-3A) located in an uncontaminated portion of E-Area. 26 depth-discrete samples were collected from depths ranging from 11 ft (3.3m) to 95 ft (29.0 m) below ground surface.
1 Tc K d values were determined in duplicate for the 26 sediment samples by measuring the radionuclide concentration in the aqueous phases before and after equilibrating with aqueous Tc. The difference between these two Tc concentrations was assumed to be sorbed onto the sediment surface. A detailed description of the method used to measure the K d values is presented in Appendix A. Briefly, 1 gram of sediment was added to a centrifuge, followed by 12 mL of SRS groundwater (see Table 9 in Appendix A). This suspension was left on a platform shaker over night, after which the solids were separated from the liquids, and the liquids were disposed. A second aliquot of 15 mL SRS groundwater was added to the sediment. The samples were then spiked with 99 TcO 4 -, placed on a platform shaker for two days, after which time the solids were separated from the liquids by centrifugation. The resulting solution was analyzed by liquid scintillation. K d values were calculated by assuming the sorbed fraction was equal to the difference in the aqueous phase 99 Tc concentrations before (C i ) and after (C f ) equilibrating with the sediment; this constituted the numerator of the K d value (Eq. 1). The denominator (Eq. 1) was equal to the aqueous phase 99 Tc concentration after equilibrating with the sediment (C f ) multiplied by the particle concentration (Cp) in g/mL
Several sediment properties were also measured to determine if correlations could be made between Tc K d values and these properties. Sediment properties measured were pH, total Fe/Al/Ti (as measured by X-ray Fluorescence; XRF), dithionite citrate buffer (DCB) extractable Fe/Al/Ti (the approximate Fe, Al, and Ti concentrations in the oxyhydroxide coatings of sediment particles), clay content, and cation exchange capacity.
3.3 DESORPTION OF Tc FROM SEDIMENTS
Six of the sediments used in the sorption test were then reused in a desorption experiment. Approximately 8 mL of either 0.01 M NaCl or Na 2 CO 3 were added to each tube. The samples were left on a platform shaker for one week and then the aqueous phase was analyzed for
99
Tc by liquid scintillation and for Cl -(by ion chromatography) and inorganic C (by heating and by difference between the measured total carbon and organic carbon) concentrations. The percentage of Tc desorbed was estimated by calculating the amount sorbed (µg/g sediment) and the concentration of Tc in the aqueous phase after the desorption step (µg/mL x 1/M sediment x Vol desorption ).
STATISTICAL ANALYSES
The software JMP (version 5.0.1; Cary NC) was used for Analysis of Variance Analysis (ANOVA; to determine if Tc K d values were different between hydrostratigraphic units), correlations (to determine if Tc K d values changed in a systematic manner with sediment properties), general descriptive statistics (mean standard error, median, and standard deviation), and distribution analyses (Shapiro-Wilk's statistic; kurtosis, and skewness).
A cumulative distribution graph of the measured Tc K d data was constructed for the whole core and for each of the three subsurface strata: the Upper Vadose Zone, the Lower Vadose Zone, and the Aquifer Zone ( Figure 5 ). These three hydrostratigraphic layers exist beneath E-Area.
These data were displayed in the form of probability and log-probability plots, which linearize normal and log-normal distributions, respectively. This representation permitted visual identification of the distributions which might be approximated as either normal or log-normal. Regression analyses were conducted between the various K d values and the sediment characterization parameters. Additional details of the statistical methods used in the study and their interpretation are described in the Results and Discussion section.
4.1 RESULTS AND DISCUSSION
SEDIMENT CHARACTERIZATION
A sub-surface profile for the BGO-3A core is shown in Figure 1 . The sub-surface profile shown in Figure 1 illustrates the presence of several different sediment lenses that occur throughout the BGO-3A core. These lenses represent sediment layers containing sand, clay, and various mixtures of the two. Based on a hydrostratigraphy, this profile has been divided into three zones, the Upper Vadose Zone, Lower Vadose Zone, and Aquifer (Phifer et al. 2006) . In this profile, the Upper Vadose Zone lies between 11 to 30 feet depths (286 to 256 ft mean sea level (msl)) and it consists of a relatively large amount of clay compared to the rest of the core. Directly below this region, lies the Lower Vadose Zone which generally contains more sandy textured sediments; this region reaches between 30 and 53 ft depth (256 and 235 ft msl). The water table is at the 54 ft depth. Below the water table, the sub-surface remains primarily sandy with numerous clay lenses to about 100 ft below the surface (186 ft msl) where one final clay layer serves to confine the aquifer. Importantly, based on hydrostratigraphic considerations, the Aquifer Zone is not a unit within itself, but a continuation of the Lower Vadose Zone. However, in this study, the Aquifer Zone was deemed a separate zone because a large amount of variability was measured in this zone, thus the variability was confined to a more limited area, thereby reducing uncertainty in subsequent risk model calculations.
A summary of the sediment characterization data from this core is presented in Table 3 . The presence of the various sand and clay layers is confirmed by the sediment characterization data shown in Table 3 , particularly the data collected for clay content, iron content, and cation exchange capacity (CEC) 2 . The sediment samples collected from the Upper Vadose Zone (depths between 11 and 30 ft below the surface) generally showed elevated levels of clay, iron, and CEC that correspond to the green and orange layers described in Figure 1 . Below this region, there is a noticeable decline in the levels of CEC, clay content, and iron content down to the water table at about 53 ft. Finally, below the water table, there was some significant variability in the measured clay and iron content. As depicted in Figure 1 and quantified in Table 3 , the Aquifer Zone consisted largely of sandy sediments with a few samples containing high clay and iron contents. For example, there is a large increase in clay and iron content at 70 ft below the surface (216 ft msl). Similarly, clay and iron lenses were measured for the bottom portion of the core (90 ft to 100 ft) which corresponds to the orange and purple clay bands depicted in Figure 1 . (a) To convert "Sample Depth" to elevation above mean sea level, as shown in Figure 1 , multiply by -1 and then add 274, e.g. the -11 ft sample has an elevation of 284 ft above mean sea level. (b) dithionite-citrate-buffer extractable; an extract that provides a measure of metals in the surface or hydroxide coatings of sediment particles and does not measure the metal content within the mineral structure.
Tc K d VALUES AND THEIR RELATION TO SEDIMENT PROPERTIES
The individual and averaged Tc K d values are presented in Figure 2 and Table 3 . Perhaps the single most important conclusion from this figure is that all but three Tc K d values were clustered between the mean values of 1.6 and 5.2 mL/g and their standard deviation, as depicted by the error bars in the lower plot in Figure 2 , did not overlap with 0 mL/g. The three sediments that had Tc K d values outside this range were collected from a depth of 11, 25, and 80 ft. These sediments had average K d values of 11.2 ± 1.9, -2.6 ± 0.1, and -2.9 ± 0.0, respectively. These three values had very small error bars, suggesting that the values were reproducible and represent heterogeneity in the sediment properties, as opposed to analytical error. - (Kaplan and Serne 1998) . Essentially all sediments in temperate climates have a net negative charge that extends from the surface of the particles into the solution, forming a diffuse double layer (Sposito 1984) . When these sediments come in contact with groundwater, the negative surface charge attracts solution cations and repels solution anions. Within the double layer, the anion concentration is near zero at the sediment particle surface and increases with distance until, at the limit of the diffuse double layer, it is equal to anion concentration in the bulk sediment solution. This phenomenon has been referred to as anion exclusion or negative adsorption (Sposito 1984) . Anion exclusion can be thought of as the repulsion of anions from particles surfaces and their surrounding double layer. Conversely, it can be thought of as the concentrating of anions in the water beyond the influence of the double layer, i.e., the bulk water. Using Hanford Site subsurface sediments and varying the solution ionic phase, Kaplan and Serne (1998) measured 17 TcO 4 -K d values ranging from -0.15 to -0.01 mL/g (and one outlier of +0.11 mL/g).
Another reason for believing that the negative K d values are real and not analytical error is because the mineral composition of at least one sediment, collected at 80 ft depth, contained smectite, a mineral with a large negative charge (Sposito 1984) (Table 4) . Smectite, which is not commonly found on the SRS, exists in the tan layer (Grogan et al. 2008) . It is quite possible that the thin lens in the Aquifer Zone located at 80 ft depth, originated from the Tan Layer (the underlying clay layer, aquitard, holding up the surface aquifer water) and was displaced upward as a result of more energetic sedimentation processes occurring during the genesis of these sediments (Table 4 ). The mineralogy of the second sediment with a negative K d value, from 25 ft depth, was not analyzed; however, it had the greatest Mn (1,731 mg/kg) and Fe (24,698 mg/kg) concentrations, suggesting that high concentrations of Fe-and Mnoxyhydroxides existed in this sediment. The Fe-oxyhydroxides most abundant in these sediments are goethite, hematite, and amorphous Fe phases (commonly found in SRS sediments at ratios of 6:3:1, respectively). Goethite and amorphous Fe(OH) 3 phases have a zero-point of charge (ZPC) 3 of pH 7.8 to 8.5 (Stumm and Morgan 1996) , indicating that they would have a net positive charge at the pH of the sediments (pH 4.8 to 6.4; (Stumm and Morgan 1996) , suggesting that they would have a strong net negative charge at natural pH levels and would tend to repulse anions, such as TcO 4 -. Finally, our laboratory has measured SRS sediment ZPC values of 5.7 for a subsurface red clayey sediment, and 5.2 for a subsurface sandy sediment . These ZPC values are quite similar to the pH of many of these sediments, indicating that pH-dependent charges were rather limited in these sediments. In summary, the two negative K d means shown in Figure 2 are likely real and should not be discounted as outliers or physical impossibilities.
The shallowest sample collected at 11 ft had the highest K d value of 11.2 ± 1.9 mL/g. The geochemical process(es) responsible for this high K d value are not known ( Figure 2 ).
Descriptive statistics of the K d values and various sediment properties are presented in Table  5 . It shows that the median K d is 3.93 mL/g, the mean and standard deviation is 3.51 ± 2.55 mL/g, and the range is from -2.93 to 11.19 mL/g. The pH values of these sediments were moderately acidic, 5.3 ± 0.4, with a relatively narrow range of pH 4.8 to 6.4. Cation exchange capacity (CEC), a measure of the total sorption capacity (or a qualitative measure of negative surface charge) had a mean value of 1.9 ± 1.7 meq/100g and also had a narrow range 1.0 to 9.3 meq/100g. The average clay content was 12.0 ± 10.6 wt-%, but its range was very large, 0.3 to 49.7 wt-%. It was unexpected that neither pH, CEC nor clay content was significantly correlated to Tc K d values (Table 6 ). However, the Mn and Fe concentrations in the oxide coatings of these sediments, as approximated by the dithionitecitrate buffer extraction, were significantly correlated with Tc K d values (Figure 3 and Figure  4 ). It appears that the Mn-DCB/Tc K d significant correlation was heavily dependent on one value, a weakly poised statistical dataset (Figure 3 ). (a) dithionite-citrate-buffer extractable; an extract that provides a measure of metals in the surface or hydroxide coatings of sediment particles and does not measure the metal content within the mineral structure. (a) dithionite-citrate-buffer extractable; an extract that provides a measure of metals in the surface or hydroxide coatings of sediment particles and does not measure the metal content within the mineral structure. * significant r value at probability <0.05 and degrees of freedom = 25 is 0.402 ** significant r value at probability <0.01 and degrees of freedom = 25 is 0. 
DISTRIBUTIONS OF Tc K d VALUES
The distribution functions of the entire Tc K d dataset, as well as subsets of the Upper Vadose, Lower Vadose and Aquifer Zones are presented in Figure 5 . The Tc K d data presented in Table 3 were used to make these distribution functions. To help understand the large amount of data presented in Figure 5 , a more detailed discussion will be presented of the entire dataset (top plot in Figure 5 ) to provide an example of interpretation. On the left of each plot included in Figure 5 is the distribution function, where the y-axis is the K d value and the (unlabelled) x-axis is the number of observations. Drawn over the figures are fits to the normal distribution in red and log-normal distribution in green. In the case of the entire dataset, neither fitted line is a good fit; they both under estimate the number of observations in the central K d grouping and the extreme K d groupings. To the right of the distribution function, is a plot describing key statistical moments: the middle of the diamond identifies the mean and the horizontal lines identify the 25 and 75 percentiles. The dots outside the diamonds, identify Tc K d values that are outliers, i.e., >5 standard deviations from the mean. For the entire dataset, three outliers are identified, 11.2 mL/g (11 ft depth), -2.6 mL/g (25 ft depth), and -2.9 mL/g (80 ft depth) ( The Upper Vadose Zone included eight K d values and had a range of values that were almost identical to the range for the entire dataset; Upper Vadose Zone -13.8 mL/g, and for the entire dataset -14.1 mL/g ( Figure 5 ). The normal and log-normal fits to the distribution functions were poor. The reason for these poor fits can be readily seen in the normal quantile plots (plots right of the histographs in Figure 5 ), which show the two extreme values and the remaining six values forming a line almost perpendicular to the red line identifying a normal distribution. Of the three subsurface zones, the Lower Vadose Zone showed the closest conformity to normal and log-normal distributions the former being slightly better than the latter. It also had the lowest range of values, from 0.7 to 5.2 mL/g. Finally, the normal and log-normal distributions could not be fit to the Aquifer Zone K d values. The normal quantile plot shows poor agreement between the ideal distribution and the actual measured K d values in this zone.
A statistical test, the Shapiro-Wilk test, was conducted to test the null hypothesis that the data are from the normal distribution (Table 7) . The low probability values shown in Table 7 means that the null hypothesis should be rejected, meaning the distribution is not normal. The Tc K d values were log-transformed to test whether the dataset was log-normally distributed (the two negative values were dropped because there are no logarithmic expressions for negative values). Again, the Shapiro-Wilk statistic for these log transformed distributions indicated that they were not from the log transformed distribution (data not presented). It appears that the use of between 8 to 26 K d values does not provide enough power for this statistical test. However, it should be noted that the Shapiro-Wilk test is sensitive to even small deviations from normality, thus limiting the value of this statistic test for this application (Mendenhall and Sincich, 2003) .
The skewness and kurtosis (Table 7) are two terms that are used to describe a population's distribution. A positive kurtosis indicates a distribution curve with a longer tail than a normal distribution, whereas a negative kurtosis indicates a distribution curve that is flatter than normal. A kurtosis absolute value of >±3, i.e., >|3|, is considered significant. The kurtosis of the entire dataset, Upper Vadose Zone dataset, and the Aquifer Zone dataset were 4.56, 3.49, and 6.75, respectively ( Table 7 ), indicating that these three datasets have longer tails than a normal distribution. The Lower Vadose dataset had kurtosis values within the range of ±3. A skewness value >|3|, is considered significant and indicates that the data are not symmetrical. Furthermore, a negative skewness indicates tailing of the curve to the left, whereas a positive skewness indicates tailing of the curve to the right. The skewness values for all the datasets were <|3|. The largest absolute skewness value was for the Aquifer Zone, -2.58, that had a tail towards the negative values (Table 7) .
Given the limited number of measured values for these datasets, between 8 and 26, and the highly sensitive nature of the statistical approach (Shapiro-Wilk test), it was decided to evaluate distributions based on visual inspection ( Figure 5 ). Visual inspections were done by evaluating whether the data best fitted a log normal or normal distribution; particular attention was directed at the normal quantile plots in Figure 5 . The entire dataset and the Upper Vadose Zone K d values appeared to best fit normal distributions, whereas the Lower Vadose Zone and Aquifer Zone appeared to best fit log-normal distributions.
Also included in Table 7 is the 95 percentile range of each of the datasets. Most notable about these data are that they do not include a K d value of 0 mL/g (or negative K d values). Perhaps not apparent is why the entire dataset had a lower 95 percentile range than the Upper Vadose or the Aquifer Zones. This occurred because the entire dataset tended to have more data centered on the mean and had more degrees of freedom than these two subsets of the dataset. The 95 percentile ranges for each dataset were (units of mL/g): 2.0 for the entire dataset, 6.1 for the Upper Vadose Zone, 2.2 for the Lower Vadose Zone and 3.5 for the Aquifer Zone. The 95 percentile ranges for Tc K d values can be expressed in terms of multiples of the mean (3.4 mL/g): Upper Vadose Zone -3x mean, Lower Vadose Zone -1x mean, and Aquifer Zone -2x mean. Grogan et al. (2008) (a ) The p-values are the probability that we can reject the null hypothesis stating that the data are from the normal distribution. Small p values indicate we must reject the null hypothesis. For example, a p-value of 0.015 indicates that the null hypothesis can be rejected at the 99.5% confidence level.
(b) Visual tests were conducted by simply looking at distributions presented in Figure 5 .
DESORPTION OF Tc FROM SEDIMENTS
The objective of this task was to determine how strongly the sorbed 99 Tc was retained by five sediments. This objective was accomplished by adding two competing anions to the system containing the sorbed Tc. It was anticipated that the two competing anions would promote desorption via anion exchange, thus providing a measure of the percent of Tc that was weakly bound to the sediment. Tc not desorbed by these anions would be considered to be more strongly bound to the sediment. The two competitive anions selected for this study had varying valences and ionic radii: NO 3 -(ionic radius = 165 x 10 -12 m) and CO 3 2-(ionic radius = 164 x 10 -12 m). It was anticipated that the divalent carbonate would out-compete the monovalent anions, NO 3 -and TcO 4 -, for exchange sites. 10 mM solutions of NaNO 3 and Na 2 CO 3 were added to the Tc-bearing sediment. These are relatively high concentrations for uncontaminated groundwater, which commonly contains about a total of 0.1 mM anions (in the appendix see Table 9 ), but are not uncommon for contaminated groundwater plumes.
The percent of Tc desorbed from the sediments is presented in Figure 6 . There was no significant difference (p ≤ 0.05) between the percent desorbed using nitrate (32.3 ± 21.9%) and the carbonate (27.9 ± 13.9%). However, there were very strong correlations between the percentage desorbed and Tc K d value: % Tc desorbed (nitrate) and Tc K d had a correlation of 0.980 (n = 6, p ≤ 0.001), % Tc desorbed (carbonate) and Tc K d 0.956 (n = 6, p ≤ 0.001). The geochemical process(es) responsible for these trends are not known.
The sorption sites can be defined as exchange and high-energy:
S high-energy Tc = S total Tc -S exch Tc (3)
Where S exch , S total , and S high-energy are the concentration of exchange sites, total sites, and high energy sites (units = mol/g), and f desorb is the fraction of sorbed Tc that readily desorbs in the presence of a competing anion (% desorbed/100). The exchange sites can be thought of as those that sorb Tc weakly, whereas the high-energy sites are those sites that strongly bind the Tc. The number of high energy sites remained essentially constant in these sediments (columns H and I in Table 8 ). However, the number of exchange sites steadily increased as Tc sorption increased (columns F and G in Table 8 ; going down the rows in Table 8 , the amount of Tc sorbed decreases). This latter point is especially evident for the sediment with the greatest amount of Tc sorption, the sediment collected at an 11 foot depth and a K d value of 11.2 mL/g).
The other parameter calculated was the fraction of Tc sorption sites, f Tc :
f Tc = S total Tc /S total sediment (4) where S total sediment is the total number of sorption sites in the sediment (mol/g) (column C in Table 8 ). The fraction of Tc sorption sites is exceeding low. It was not correlated to Tc Sorbed (column B in Table 8 ).
In summary, these calculations indicate that there were a fixed number of high-energy sites in these sediments, and changes in the number of exchange sites account for differences in the amount of TcO 4 -sorbed to these sediments. Sparks 1996 Sparks , pp 1218 Sparks -1220 .
These are estimated values based on measurements of other sediments collected at E-Area with similar clay and Fe-oxide content. (h) Equation 2 5.0 CONCLUSIONS Technetium sorption to 26 sediments within an E-Area sediment core was measured. The average Tc K d value was 3.4 ± 0.5 mL/g and ranged from -2.9 to 11.2 mL/g. The data were not from normal or log normal distributions. Grouping the K d data by their hydrostratigraphic layers, i.e., the Upper Vadose, Lower Vadose, and Aquifer Zones, showed that there were no significant differences between mean Tc K d values of these zones. Relying on trends, rather than statistical tests, it was concluded that the Upper Vadose and Aquifer Zones were best described as log-normally distributed, whereas the Lower Vadose Zone was normally distributed.
The 95 percentile ranges for each dataset were (units of mL/g): 2.0 for the entire dataset, 6.1 for the Upper Vadose Zone, 2.2 for the Lower Vadose Zone, and 3.5 for the Aquifer Zone. The reason the entire dataset had a lower 95 percentile range than those of the Upper Vadose and Aquifer Zones was because there were more values near the mean and a greater number of degrees of freedom. The 95 percentile ranges can be expressed in terms of multiples of the mean (3.4 mL/g): Upper Vadose Zone -3x mean, Lower Vadose Zone -1x mean, and Aquifer Zone -2x mean. Grogan et al. (2008) estimated that the 95 percentile ranges for Am Desorption tests indicate that there was a fixed number of high-energy sites in these sediments, and changes in the number of exchange sites account for differences in the amount of TcO 4 -sorbed to these sediments. The total number of Tc binding sites was very small compared to the total number of binding sites for anions.
In summary, these data demonstrated that Tc sorbs to SRS sediment, albeit not in large quantities. The 95-percentile range of K d values does not include 0 mL/g. The distribution of K d values could not be determined using statistical methods. An appreciably larger dataset would be required to statistically determine their distribution; importantly, a larger dataset would likely result in smaller ranges than those reported in this study. 
SEDIMENT CHARACTERIZATION METHODS
Another major task for this study was the characterization of the sediment samples collected from the E-Area as well as the lysimeter control sediment. This characterization included determination of clay fraction, iron oxide content, general iron, titanium, and manganese content, as well as cation exchange capacity and sediment pH. Clay Fraction Determination
The clay fraction for each sediment sample was determined using the micropipette method developed by Miller and Miller (1987) and Burt et al. (1993) . To begin the analysis, each sediment sample was passed through a 2 mm screen. Four grams of each sediment was then treated with 10 mL of water and 10 mL of a dispersing agent (5 g/L sodium hexametaphosphate) in a 50 mL centrifuge tube. The mixture was then placed on a shaker and mixed for 2 hours. After this time, 20 mL of water was added to each sample, and the solutions were shaken by hand to ensure that all sediment particles were in solution. The solutions were then placed in a rack and allowed to settle for approximately 1 hour and 50 minutes. After settling a micropipette was used to remove 5 mL of the suspension from the middle of the tube. This 5 mL aliquot was then injected into a pre-weighed aluminum pan. Finally, the aliquot was oven-dried and weighed to determine clay content. Two trials were completed for each of the samples form the BGO-3A core and for the lysimeter control sediment. No trials were completed for any of the sediments from BGX-2B or BGX-11D due to sample scarcity.
Iron Oxide Extraction and Analysis
The iron oxide content of each of the sediment samples was determined using the extraction method developed by Kunze (1986) and Mehra (1960) . To begin, 5 g of each sediment were measured into labeled 50 mL centrifuge tubes. Twenty-five mL of CDB solution (0.27 M sodium-citrate dehydrate/0.11 M sodium bicarbonate) was then added to each tube. The sediment suspensions were then heated in a water bath at 80 o C. Once heated, 0.75 g of sodium dithionite was added to each solution and stirred continuously for approximately 1 minute. Each suspension was then stirred intermittently for the next 15 minutes under a fume hood. The tubes were then balanced with CDB solution and centrifuged at 10,000 rpm for 15 minutes. After centrifugation the supernatant was decanted into a labeled 100 mL volumetric flask. The remaining solid was then washed with 25 mL of CDB solution, shaken, centrifuged, and decanted into the appropriate volumetric flask in order to remove any residual iron. This wash was then repeated one final time. After combining the extracts, CDB solution was used to dilute the extraction volume in the flask to 100 mL. An aliquot of this dilution was then acidified with 10% HNO 3 and analyzed with ICP-MS. Three trials were completed for each sediment sample. 
